We simulated the translocation process of a polymer chain from a source container to a drain container through a short nanochannel. We utilized the bond fluctuation model coupled with Monte Carlo dynamics in our simulations. The calculation results show that the excluded volume effect significantly affects the polymer's translocation time . This time depends nonmonotonically on the polymer length N. For a fixed nanochannel length, decreases when the polymer length increases. , however, increases when the polymer length exceeds a certain threshold. This observation differs from those predicated for a Gaussian chain. In this paper, we will further present our findings to explain this phenomenon. The knowledge we gain from this research can enhance the understanding of complex transport processes in many biological systems. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2195459͔
To better understand biological processes such as those used to make mRNA and protein products, we need an effective means to sequence DNA. Conventional DNA sequencing is based on the method of Sanger et al. 1 To improve the DNA sequencing process, nanopore systems were proposed. 2 Researchers have studied how a polymer chain is transported through a nanopore or a nanochannel from a source container to a drain container. [3] [4] [5] The container size determines the polymer's conformational entropy, which plays an important role in polymer translocation process. [6] [7] [8] Several groups reported that polymers were confined in tubes with diameters significantly larger than the polymers' persistence length, [9] [10] [11] and the authors provided a theoretical explanation. 12 Recently, experimental and theoretical researchers have investigated how polymers pass through nanoscale channels. Kasianowicz et al. detected a single RNA ͑polyuridylic acid͒ strand passing through a 1.5 nm nanopore made of a membrane-bound protein. 13 Researchers also utilized various electrophysiological techniques and fluorescence microscopies to study similar systems. [14] [15] [16] These studies can eventually lead to a better DNA sequencing technique than the conventional approach of Sanger et al. These studies also help researchers to understand complex transport processes in many biological systems, including phage infection, 3 bacterial conjugation, 5 and the uptake of oligonucleotides by specific membrane proteins. 16 In addition to these experimental studies, many theoretical studies have focused on the dynamics of polymer translocation. The authors discussed how temperature affects the polymer's translocation time. 17 The authors explicitly expressed the free energy landscape and the translocation time of a Gaussian polymer chain. 6, 18 A Gaussian chain, however, can be used only to describe polymer translocation in a solution, which is difficult to make in experiments. The excluded volume effect significantly affects the conformational entropy of confined polymers and their dynamic behaviors. 19 The calculations, however, completely neglect the excluded volume effect. 6, 18 If we account for the excluded volume effect, the calculation results differ from those of the Gaussian chain. The authors utilized the self-consistent field theory to calculate the translocation time by taking the excluded volume effect into design consideration. 20 As expected, their simulation results differ from those predicated for the Gaussian chain. The self-consistent field theory, however, can handle only small excluded volume parameter and is not suitable for calculating the translation time when the excluded volume parameters become large.
Inspired by the previous theoretical studies, we have investigated how the "large" excluded volume effect affects confined polymer translocation. We performed our calculation for the molecular movement in the two-dimensional space ͑the X and Y planes͒, and our experimental setup is shown in Fig. 1 . The dimension of the space can significantly affect the polymers' dynamic behavior. The reasons for us to choose a two-dimensional system to explore the translocation process are ͑i͒ the "excluded volume effect" plays a more important role in this low-dimensional than that in a three-dimensional ͑3D͒ system and ͑ii͒ the translocation proa͒ Authors to whom correspondence should be addressed. cess has been successfully carried out experimentally in a two-dimensional or a quasi-two-dimensional system. 21 We assumed that the large excluded volume interaction among the polymer segments could be described by using the selfavoiding walk ͑SAW͒ model. The mathematical properties of SAWs are well known for their complexity, and the selfconsistent field theory is not capable to handle these SAW problems.
In our calculation, we assume that the short channel and the containers have a solid surface, and they interact only with the polymer chain in a steric fashion. The diameter of the nanochannel is sufficiently small so that only one polymer chain can pass through it at a given time. The nanopore also does not allow "hairpin" bends to pass through it. We do not consider in this paper how the polymer first enters the channel but focus only on the dynamics of a polymer chain once it enters the nanopore. The translocation process can be divided into three steps. 18, 20 In the first step, the channel is filled with the polymer from a source container, and the average translocation time is 1 . During the second step, N-M segments of the polymer enter the drain container and its average translation is 2 . Here, N is the polymer length and M is the nanopore length ͑M Ͻ N͒. The average translocation time in the third step is 3 . In this step, the channel is close to depletion, and the last piece of polymer is near the end of the channel at the drain side. The total translocation time = 1 + 2 + 3 . This definition is valid when there is a large driving force for the polymer to translocate from one side of the nanochannel to the other side. Although this definite may not fit our case very well because the driving force may not be very large in comparison with the entropy, we keep this definition in order to clearly describe the underlying physical mechanisms about the polymer motion. In our paper, we focus mainly on the total translocation time to include the excluded volume effect in our calculation of the translocation time. We used the bond fluctuation model ͑BFM͒ to describe the dynamics of a single polymer because the BFM has been successfully utilized for describing the polymer properties in various systems. 19 In our calculation, a small container ͑or a source container͒ is divided into 30ϫ 30 lattice squares while a large one ͑or a drain container͒ is divided into 800ϫ 800 lattice squares. A short nanochannel has 2 ϫ M lattices, as shown in Fig. 1 . We consider a polymer chain of length N in the small container. Every monomer on the chain has the size of 2 ϫ 2 lattice squares. The polymer chain's bond length is l bond , which can take various values such as 2, ͱ 5, ͱ 8, 3, ͱ 10, or ͱ 13. To simulate the translocation of the polymer chain, a monomer is randomly selected. This monomer tries to move randomly at the distance of one lattice unit into one of the four possible lattice directions. If the move complies with both the bond length restriction and self-avoiding walk conditions, the monomer's position will be updated. If the previous two conditions cannot be met, a new monomer is selected randomly and the same procedure mentioned previously repeats. Our simulation is similar to the approach in Ref. 19 . We started our simulation by fixing one end of the chain near the hole of the nanochannel and then applying 1000N 2 Monte Carlo steps ͑MCS͒ to equilibrate the initially grown chain. From this point of time onwards, the coordinates of the monomer are monitored and the statistics on the translocation time are compiled.
Our simulation of a polymer's typical translocation process is carried out in three steps. The polymer enters the nanopore near the source container when the polymer is loose. At that time, the polymer chain inside the source container continues to perform its conformational changes. After the translocation time 1 of the first step, the polymer's front end reaches the opening of the nanochannel at the drain side and enters the large container, as shown in Fig. 1 . During the second step, the simulation of the polymer motion can be further divided into two substeps. In the first substep, the chain's front end moves back and forth when the number of monomers entering the drain container is smaller than a critical number as shown in Fig. 3 . We define the time consumed in this substep as trap and find trap ϳ e −␣N with ␣ = 0.03, as shown in Fig. 4 . The second substep occurs when the number of monomers entering the large container exceeds the critical number. The polymer spontaneously spills out of the nanopore, and the average translocation time becomes proportional to the polymer length N.
We plot in Fig. 2 the average translocation time as the function of the chain length N for various nanochannel lengths, M = 6 and M = 12. These calculation results show that depends nonmonotonically on its polymer length N. We can obtain an optimum polymer length N for a given nanochannel length M when the translocation time is minimum. This optimum length N increases as the channel length M increases. Based on our simulations, the order of translocation time 3 of the third step is the same as that of 1 ͑ϳ10 3 ͒. They are both much smaller than 2 ͑ϳ10 6 ͒ because N is much larger than M in our simulation. Hence, 2 determines the total translocation time . Our results differ from those predications by using the Gaussian chain model and the self-consistent field theory, both of which show that the translocation time monotonically depends on the polymer chain length. 18, 20 In order to gain insight into this unusual behavior of translocation time at the second step 2 , we explored the instantaneous motion of the translocation process. We divided the polymer's coordinates into the intervals of length ␦ = N / L. The range of the ith interval is then ͑i −1͒␦ +1ഛ m Ͻ i␦ + 1, where i =1,2, ... ,L is the index of polymer segments. Figure 3 shows the instantaneous translocation time in of individual segments i, as a function of various polymer lengths N. Here, the average translocation time is the summation of all the instantaneous times. Based on our simulation results, we observed that the instantaneous translocation time of the first segment, i = 1, was very large for a short polymer. This instantaneous time, however, quickly became smaller when N got larger. After several segments entered the drain container, the second substep began. As shown in Fig. 3 , in became very short and was almost the same for small i. in , however, depended linearly on i when i became large.
Theoretically, one often uses the Fokker-Planck equation 6 to describe the previously mentioned translocation process. The Fokker-Planck equation is as follows:
where P͑n , t͒ is the distribution probability of variable n and L FP is an operator,
Here D͑n͒ is the diffusivity of the polymer chain during the translocation and ␤ =1/k B T. F͑n͒ is the free energy when n segments enter the drain container. The explicit expression of the free energy F͑n͒ is difficult to obtain if one considers the excluded volume effect. Usually, one has chosen an approximate expression to include the excluded volume effect: based on Eq. ͑3͒. The results are shown by using the dotted lines in Fig. 2 . This translocation time increased monotonically as N increased. This result is inconsistent with that of our simulations because the expression ͑3͒ does not include all the long-range excluded volume effect. Our simulation results showed that the free energy barrier existed during translocation, but it gradually decreased as N became large. The barrier, therefore, plays an important role in the translocation time for a short polymer chain. The free energy barrier is caused by the entropy difference between the confined polymer in the source container and that in the nanochannel at the first substep. Due to the large excluded volume effect and finite size of the source container, when N is large, the polymer entropy in the source container becomes small and close to the entropy in the nanochannel. Hence, the entropy barrier decreases for a large N. The free energy barrier, therefore, causes the translocation time to depend nonmonotonically on the polymer length N. The expression ͑3͒ does not include the barrier contribution to the free energy.
In Fig. 4 , we plot the instantaneous translocation time trap , during which the first polymer segment can move back and forth in the drain container, as a function of N. An exponential function, trap ϳ e −␣N , perfectly fits our simulation results. This observation suggests that the height of the entropy barrier decreases linearly with N. Once the number of monomers entering the large container exceeds the critical number, the chain crosses over the free energy barrier. Therefore, drift motion plays an important role in moving the polymer at the second substep. The drift is caused by the large chemical potential difference between polymer segments in the source container and those in the drain container. The instantaneous translocation time, therefore, remains the same when the segment index i is small. After many segments enter the drain container, however, the chemical potential difference gradually disappears as i gets large. In this situation, diffusive motion plays an important contribution to the instantaneous translocation time. These instantaneous times, as a result, are linearly dependent on i when i is large. Our previous conclusions in the second substep are consistent with those of the theoretical calculations predicted in Refs. 6 and 8. By directly including the excluded volume effect in our calculation, we have investigated the translocation time of a polymer chain passing through a nanochannel from a source container to a drain container. We find that the entropy barrier's height decreases linearly with N. The excluded volume effect causes this nontrivial dependence. The translocation time, therefore, depends nonmonotonically on the polymer length N. We expect that these results can enhance the understanding of complex transport processes in many biological systems and also help researchers to develop an effective DNA sequencing technique.
